Abstract Since data on mercury (Hg) levels in Caucasians and African Americans (AAs) of both genders are lacking, this study aims to present toenail Hg distributions and explore the potential determinants using data from the Coronary Artery Risk Development in Young Adults Trace Element Study. Data from 4,344 Americans, aged 20-32 in 1987, recruited from Oakland, Chicago, Minneapolis, and Birmingham were used to measure toenail Hg levels by instrumental neutron-activation method. The Hg distribution was described with selected percentiles and geometric means. Multivariable linear regression (MLR) was used to examine potential determinants of Hg levels within ethnicity-gender subgroups. The geometric mean of toenail Hg was 0.212 (95 % CI00.207-0.218)μg/g. Hg levels varied geographically with Oakland the highest [0.381 (0.367-0.395) μg/g] and Minneapolis the lowest [0.140 (0.134-0.147) μg/g]. MLR analyses showed that male gender and AA ethnicity were negatively associated with toenail Hg levels, and that age, living in Oakland city, education level, alcohol consumption, and total fish intake were positively associated with toenail Hg concentrations within each ethnicity-gender subgroup. Current smokers were found to have higher Hg only in AA men. This study suggested age, gender, ethnicity, study center, alcohol, education level, and fish consumption consistently predict toenail Hg levels. As fish consumption was the key determinant, avoiding certain types of fish that have relatively high Hg levels may be crucial in reducing Hg intake.
elemental (e.g., Hg vapor), inorganic (Hg 2+ ), and organic Hg [e.g., methylmercury (MeHg)]. While elemental and inorganic forms of Hg are mainly related to occupational exposure, MeHg is the main exposure in the general population (Chalmers et al. 2011 ) and has become a particular public health concern because it is more toxic than inorganic Hg due to its bioavailability (Bakir et al. 1973; Harada 1995) . MeHg in seafood or fish is the predominant source of Hg in food (Bloom et al. 1991) . Because of the potential risks to the health from Hg via food, the need to assess individual Hg intake and tissue levels is clear.
A true estimation of MeHg intake from fish is extremely difficult because of the large variations of MeHg concentrations in different types of fish and in fish produced in different geographic areas (US-EPA 1997) . Also, quantifying Hg content directly in fish meals may not be feasible in large cohort studies. Thus, assay of biological specimens, which reflects consumption, is preferred both as a measure of intake and as a means to validate other forms of exposure assessment (Willett 1998) .
Among various biological specimens, toenails provide a relatively long-term measure of Hg exposure as compared with blood, urine, or even hair sample, as toenail clippings represent body intake or exposure for a time frame from a few months to a year (He 2011) . Also, they are easily collected, transported, stored, and cleaned (He 2011; Morris et al. 1983 ). In addition, as compared with hair, they are relatively sheltered from environmental contaminants and less likely to be contaminated by shampoo, hair treatments, and medication (He 2011) . Moreover, Hg levels in toenails have a relatively high correlation with Hg intake (Pearson correlation r00.54) (Ohno et al. 2007 ) and with Hg levels in critical organs (such as occipital cortex, r00.65) (Bjorkman et al. 2007 ). Furthermore, toenail Hg concentrations are suggested to be useful biomarkers of exposure in which a single sample is assumed to represent a long-term exposure (Garland et al. 1993) .
Previous studies have reported Hg concentrations of general population in the USA and worldwide (Fujita and Takabatake 1977; Leino and Lodenius 1995; Smith et al. 1997; Dumont et al. 1998; Becker et al. 2002 Becker et al. , 2003 Guallar et al. 2002; Yoshizawa et al. 2002; Schober et al. 2003; Rees et al. 2007; Oken et al. 2008; Son et al. 2009; Mozaffarian et al. 2011) . However, these studies were conducted either only among women or children or without gender-or racespecific data, or using Hg concentrations in blood, urine, or hair as biomarkers. Except for a few small sample-sized descriptive studies (Rees et al. 2007; Ohno et al. 2007) , and a couple of small-scaled case-control studies used toenail Hg as a biomarker (Yoshizawa et al. 2002; Guallar et al. 2002) , only one large-scaled case-control study reported toenail Hg levels at baseline in 1987 (Mozaffarian et al. 2011 ). Yet, that study was conducted in middle-aged men and women. Therefore, the main goal of this work is present toenail Hg distributions in both Caucasian and Africa American (AA) young adults of both genders and to explore potential determinants of toenail Hg levels using data from four US cities including Birmingham, Alabama; Chicago, Illinois; Minneapolis, Minnesota; and Oakland, California in 1980s from the Coronary Artery Risk Development in Young Adults (CARDIA) Trace Element Study.
Methods

Study population
CARDIA is an ongoing, multi-center, prospective cohort study designed to examine psychological and other lifestyle factors that might affect evolution of cardiovascular disease (CVD) risk among American young adults. Details of the study design have been published elsewhere (Friedman et al. 1988) . Briefly, the cohort was roughly balanced by age (18-24 and 25-30 years), gender, race (AA and Caucasian), and education (high school or below and beyond high school). The CARDIA Trace Element Study was an ancillary study of CARDIA and aimed to examine the potential association of certain trace elements such as selenium (Se), chromium (Cr), Hg, arsenic (As), cadmium (Cd), and lead (Pb) with CVD risk factors among American young adults.
In the present study, a total of 4,624 participants attended the first follow-up examination in 1987, of which 4,362 (94.3 %) participants provided toenail clippings (Xun et al. 2010) . After excluding 18 participants who had missing data either on Hg levels or on toenail weight, 4,344 participants were included in this analysis. All participants signed an informed consent, and the study design, data collection, and analyses were approved by the institutional review boards of the participating institutions.
Toenail mercury analysis
Toenails were collected by clipping with a stainless steel clipper from each of the ten toes during the clinic in 1987. All toenail clippings were cleaned with a quartz knife by scraping off any attached gross debris on the edge and the surface and then were washed in a sonicator with 10 % nitric acid followed by high-purity water using 10-min exposure times. The nail clippings were then captured on a filter paper, rinsed thoroughly with high-purity water, and freeze-dried. The levels of Hg were analyzed by instrumental neutronactivation analysis at the University of Missouri Research Reactor using a modification of the method previously described (Morris et al. 1983) , and were reported in micrograms per gram with the limit of detection (LOD) 0.001 μg/g. The laboratory personnel were blinded to other clinical measures and treated toenail specimens in random order. Quality control Hg levels of participants from four centers are significantly different from one another; differences in Hg levels between former and never smokers are statistically non-significant; Hg levels among those two non-zero alcohol consumption groups are statistically non-significant; differences in Hg levels between the second and the third tertiles of total fish consumption are also statistically significant Covariates measurement Demographic variables were collected via questionnaire.
Smoking status was determined according to self-report and serum cotinine. Participants were classified into three groups: current smokers, former smokers, and never smokers based on self-report. Serum cotinine concentration over 15 ng/ml was used to determine current smokers who denied smoking (Houston et al. 2006) . Alcohol intake was assessed through a self-administered questionnaire and interview-based dietary history. Education levels were classified into two groups, ≤16 vs. >16 years of education. Diet history was intervieweradministrated (McDonald et al. 1991) and conducted in 1985, and the information of how to extract the fish consumption was previously described in detail (Xun et al. 2011 ).
Statistical methods
The distribution of toenail Hg levels was described through the calculation of percentiles and geometric means. Natural logarithm transformation [ln(Hg)] was used to improve the normality of Hg distribution. Exact 95 % CIs for percentiles of Hg were calculated using a binomial-based method (StataCorp 2009), while 95 % CIs for geometric means were calculated by exponentiation the confidence limits of the arithmetic mean of ln(Hg). Analysis of variance was used to compare the geometric mean with the reference by using ln (Hg) as the dependent variable, which was followed by Scheffe test for multiple comparisons as appropriate. Total fish consumption was described between groups with median [inter-quartile range (IQR)] as the distribution was not normal. Kruskal-Wallis test was used to compare the total fish consumption between groups followed by a Bonferroni correction for multiple comparisons if needed.
Using multiple linear regression (MLR), ln(Hg) was regressed against age, gender, race, study center, smoking status, alcohol consumption, education level, and consumptions of fish as independent variables to examine whether these variables were independently associated with toenail Hg levels. Wald Z statistics were calculated to test the null hypotheses that the beta coefficients were not different from zero.
All analyses were performed using STATA 11.0 (Stata Corporation LP, College Station, TX, USA). P ≤0.05 was considered statistically significant.
Results
The overall geometric mean concentration of toenail Hg, which was supposed to represent total Hg including both inorganic and organic Hg, was 0.212 μg/g (95 % CI, 0.207-0.218 μg/g), with a range from 0.001 to 5.595 μg/g. Geometric means and selected percentiles with 95 % CIs for toenail Hg levels, overall and from subgroups defined by selected variables, are shown in Table 1 . Average toenail Hg levels from Oakland area were the highest, about 2.5 times as much as Hg levels of those from Minneapolis area (the lowest).
Of note, fish consumptions were relatively higher in those who lived in Birmingham, Chicago, and Oakland, men, alcohol drinkers, and those with a college education or beyond (Table 2 ). Fish consumption was positively correlated with toenail Hg levels after adjustment for age, gender, race, and center (Spearman correlation00.30, P<0.01). Results of MLR analyses are shown in Table 3 . Ln(Hg) concentrations served as the dependent variables and were modeled for each gender-race subgroup. Age was significantly and positively associated with Hg levels in all subgroups except in AA women. The multivariate adjusted mean values of Hg across study centers showed different patterns among four gender-race subgroups. While multivariate adjusted mean values of Hg in Caucasians (both men and women) across four study centers took the pattern of "Oakland>Chicago>Birmingham>Minneapolis", the pattern showed little difference between AA men ("Oakland> Chicago 0Birmingham > Minneapolis") and AA women ("Oakland>Birmingham0Chicago0Minneapolis"). Current smokers had higher Hg levels compared with non-current smokers only in AA men. Among four gender-race subgroups, alcohol consumption, education levels, and total fish consumption were independently and positively associated with toenail Hg levels (all P values for trend <0.05 for alcohol consumption and total fish consumption, all P values <0.01 for education level). The proportion of variation in Hg levels explained by four race-gender specific regression models was low (R 2 030 %, 36 %, 32 %, and 35 % in AA men, AA women, Caucasian men, and Caucasian women, respectively). Figure 1 shows the variation of toenail Hg levels across study center and fish consumption levels, the two main influential factors. Within each center, the higher fish consumption, the higher Hg levels. Within the same fish consumption levels, Hg levels vary across four centers, with Oakland the highest and Minneapolis the lowest.
Discussion
In this cohort of American young adults, including AAs and Caucasians, men and women, we found that toenail Hg levels were associated with age, gender, race, study center, education level, alcohol consumption, and total fish consumptions. Women, Caucasians, those with a college education or above, alcohol drinkers, and higher fish consumers were more likely to have higher toenail Hg levels. Participants from Oakland area had relatively higher Hg levels.
The median toenail Hg level in this study was 0.212 μg/ g, was generally similar to levels reported in most of the previous studies (from 0.22 to 0.27 μg/g) (Alfthan 1997; Bjorkman et al. 2007; Garland et al. 1993; Rees et al. 2007) , and lower than these (about 0.369 μg/g) in 3,427 middleaged controls in a recent case-control study (Mozaffarian et al. 2011) . Of note, several factors such as participants' age, residency, and the years toenail sample was collected should be considered when comparing Hg levels from these studies. Conversely, it was difficult to compare our results with Hg levels reported in some other studies, such as the National Health and Nutrition Examination Survey and the Baltimore Memory study, in which Hg was detected in different biological samples (e.g., blood or hair) with different analytic methods (Mahaffey et al. 2004; Schober et al. 2003; Weil et al. 2005) .
Toenail Hg levels varied geographically. Average toenail Hg levels in participants from Oakland area were the highest, almost 2.5 times as much as Hg levels in those from the Minneapolis area. The difference was generally in accordance with regional distribution of Hg content in soil as indicated by the U.S. Geological Survey (Shacklette and Boerngen 1984) . In addition, a number of streams and bodies of water in Northern California have Hg-containing sediments at high levels as the coastal mountains of this region are naturally rich in Hg-containing cinnabar ores (Mahaffey et al. 2004 ). The positive correlations among MeHg levels in sediment, water, and fish have been identified in a nationwide survey of 20 US watersheds (Brumbaugh et al. 2001) .
Several factors were identified to be associated with elevated toenail Hg levels. Per 5-year increment of age, toenail Hg levels increased by 0.04-0.12 unit in ln [Hg (μg/g) ]. This may be due to the accumulation of Hg in the human body with aging. Though females consumed slightly less fish than males (median 0.58 vs. 0.68 servings/day), had greater percentage of body fat, for which Hg has lower affinity comparing to muscle tissue, than males and liked nail cares, which can involve the use of several chemicals including organic solvents, much more than males, this study indicated higher Hg levels among females than males. The gender heterogeneity might mainly be due to the higher urinary excretion rates in males, which has been suggested to be related to sex hormones, especially androgens, in animal studies (Hirayama and Yasutake 1986) .
In addition, our data indicated a racial difference in toenail Hg. Within each gender group, toenail Hg levels in Caucasians were higher compared with AAs. The racial variation in Hg levels has been previously reported (Mahaffey et al. 2004; Hightower et al. 2006) , which was consistently due to differential fish consumption in subgroups. Although total fish consumption in Caucasians was not statistically significantly higher than that in AAs (0.62 vs. 0.59 servings/day, P 00.45) in this study, the racial difference in toenail Hg levels may reflect the accumulation of Hg levels from the extra fish consumption. Participants with a college education or beyond showed significant higher toenail Hg levels than those with lower education levels, which was supported by the fact that those with higher education levels consumed a higher amount of fish (0.72 vs. 0.56 servings/day, P<0.01). Education could be considered as a marker of socio-economic status and those with higher education level are more likely to eat seafood.
Alcohol consumption is another important determinant of toenail Hg concentrations. Alcohol consumption was positively correlated to fish consumption so that it may explain the relatively higher concentration of toenail Hg in alcohol drinkers. Smoking was found to be positively associated with toenail Hg levels too, but only in AA men. Besides that current smokers consumed more fish (0.74 vs. 0.60 servings/ day, P00.03) in this subgroup, the findings were consistent with results from a previous study and suggest that cigarette smoking may be a source of Hg exposure (Mortada et al. 2004) . Notably, the current smokers in this subgroup had the heaviest exposure to smoking, denoted by 49.2 h/week exposure to smoking either at home or in other areas as compared with 43.7 h/week in other three subgroups. As expected, the key determinant of toenail Hg levels was fish consumption. This study found that the larger amount of fish consumption, the higher levels of toenail Hg. Avoiding certain types of fish, which contains relatively high levels of Hg, is of great public health significance (He 2009 ).
There is ample evidence that Hg measurement in toenails is an excellent indicator of long-term Hg exposure (Garland et al. 1993; Mozaffarian et al. 2011 ) and has been used widely in epidemiological studies (Guallar et al. 2002; Yoshizawa et al. 2002) . Of note, this study included approximately equal percentages of AAs (48.5 %) and Caucasians, and men (45.3 %) and women, which makes the study population unique.
In addition to the strengths highlighted above, a couple of limitations should be considered when interpreting the findings. First, no information to identify types of fish consumed by participants was available, which limited our capability to further explore the major sources of toenail Hg. Second, all participants were from urban areas so their Hg levels might not represent those in the general US population.
Conclusions
In summary, our findings provided valuable information on Hg distribution among American young adults two decades ago, which may serve as a baseline or a reference for future studies, and made it possible to determine the trend or change in toenail Hg levels that can be used to examine its relation to chronic disease development as well as to indicate environmental change. Age, gender, race, study center, smoking status, alcohol consumption, education levels, and fish consumption are found to be significantly associated with toenail Hg levels. As fish consumption is the key determinant of toenail Hg concentration and other predictors are somehow related to fish consumption, avoiding certain types of fish that have relatively high levels of Hg may be crucial in reducing Hg levels in human body.
